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ABSTRACT 

Most streams in nature are characterized by a meandering channel. Often times 
channel migration in meandering streams results in the loss of valuable agricultural land and 
the failure of structures, such as bridges. 
To counteract the problems caused by stream meandering, channel straightening is 
commonly employed in the State of Illinois, where 23% or nearly 4000 miles of streams have 
been channelized. Such technique, however, provldes only a short term soiution because in 
due time the stream will try to return to a meandering channel. Meanwhile, until the stream 
reaches a new equilibrium stage, erosion and sedimentation problems are usually induced 
upstream and downstream of the reach straightened. More importantly, the stream habitat, 
in particular fisheries, can be greatly affected by the changes on flow conditions and sediment 
transport. 
This report presents a mathematical model for meandering streams coupled with a 
stream bank erosion model, which can be used to predict the lateral migration of a given 
channel over a period of time. The model is used to assess the migration of seven Illinois 
streams which are believed to be representative of the small and medium size streams in the 
state. The numerical computations suggest that the mathematical model can provide a useful 
tool for the analysis of channel modifications and their potential impact. Such tool could be 
used to conduct more environmentally sound stream management and engineering. At this 
stage the model predictions should be considered only as reasonable approximations, mainly 
because of the shortcomings associated with the bank erosion model. There is a clear need 
for more fundamental research on the mechanics of stream bank erosion so that such 
knowledge can be readily incorporated into relationships for estimating rates of bank erosion 
for a wide range of bank material characteristics and stream flow conditions. 
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1. INTRODUCTION 
Channel modifications have profound effects on the flow and geomorphological 
characteristics of a meandering stream. Channel straightening, in particular, is one of the most 
popular means for flood control. However, while reducing flooding, channelization also 
perturbs the natural stability of a channel. A stable channel is defined as a channel that 
transports water and sediment without an objectionable net change due to erosion or 
deposition over a basic hydrologic cycle (Keller and Brookes, 1983). Straightening causes 
steeper gradients, higher flowvelocities, and increased sediment transport which can combine 
to upset stream stability. 
Problems caused by channelization are well documented (Parker and Andres (1976), 
Galay (1983), Bhowmlk (1987), Brookes (1988), Madramootoo and Dodds (1993)). 
Structures built in or adjacent to a straightened stream often suffer damage or collapse due 
to widespread erosion. Damage to fish populations and habitats can occur because of 
aggradation and degradation resulting from increased sediment transport and loss of shading 
vegetation due to construction practices. In addition, straightened streams often attempt to 
reattain their original flow and morphological characteristics resulting in periodic 
maintenance. For example, the Kankakee River, located in central Indiana and east central 
Illinois, was straightened and deepened throughout the marshlands of Indiana to the Illinois 
border for the purpose of land reclamation. Figure 1.1shows an aerial photograph of the state 
line between Indiana and Illinois where the channelized section ends and the natural stream 
begins. However, this action caused increased peak flows and increased sediment loads to 
move into the downstream unchannelized sections leading to bank erosion and flooding 
problems as evidenced by the studies of Bhowrnik et al. (1980), Ivens et al. (1981), Gross and 
Berg (1981), and Demissie et al. (1983). Another example of channelization problems is 
demonstrated by a reach of the Maclunaw River. Figure 1.2 shows aerial photographs of the 
reach from 1957 and 1969. Just prior to 1957, the bend was cut and straightened because it 
was cutting into a nearby road. By 1969, the stream had once again started to meander. 
Therefore, in order to maintain a straight section on this reach, periodic channelization would 
be necessary. An alternative solution would have been the construction of a stable meandering 
channel instead of a straight one. 
In recent years, these problems have gained attention in Illinois. A study by Mattingly 
and Herricks (1991) showed that the amount of requests for permits for channel modifications 
has increased dramatically since 1970. It has also been reported that almost 23% or nearly 
4000 miles of streams in the state have been channelized. However, the need to protect 
natural, existing stream flow conditions is an important environmental issue (Hey (1990), 


Demissie (1991)). Therefore, an effective means to assess the impact of stream modifications 
is necessary. 
Extensive research on river meandering, with the goal of understanding and predicting 
river migration, has been conducted over the last 25 years. The first approach to the problem 
was based on the understanding that a flat, non-cohesive sediment bed may, under certain flow 
conditions, become unstable causing the formation of migrating perturbations, alternate bars, 
characterized by a growing amplitude and a downstream migration speed. This approach, 
known as the "bar theory", was supported and improved by Hansen (1967), Callander (1969), 
Parker (1976), and Fredsoe (1978). A second approach based on the instability of the growth 
of bends due to bank erosion caused by the secondary flow in a meandering channel was 
developed by Ikeda et al. (1981). This approach has been termed the "bend theory". The 
analysis of Ikeda et al. (1981) showed that the two mechanisms operate at the same 
wavelength, supporting the idea that alternate bars formed by the bar instability evolve into 
point bars which grow into meanders by the bend instability. Later, the two theories were 
unified by Blondeaux and Seminara (1985) producing the "resonance theory". This theory 
states that in a curved channel, the effect of the curvature under certain conditions acts to 
suppress the rate of growth and migration speed of alternate bars thereby allowing the bank 
erosion process to induce the growth of meander bends. 
The bank erosion process and its relation to channel curvature and sediment properties 
has been studied by Hiclan and Nanson (1975,1984) and Nanson and Hiclan (1983,1986). 
However, downstream migration rates could not be calculated. Ikeda et al. (1981) assumed 
the stream migration rate to be proportional to the excess near-bank velocity. The constant 
of proportionality is the bank erosion coefficient which takes into account the physical 
characteristics of the stream banks. This approach has been used by several researchers 
interested in river mechanics problems (Blondeaux and Seminara, 1985; Crosato, 1987; 
Hasegawa, 1989). A migration model developed by Parker (1982) using this concept has been 
successful in predicting future stream locations in many studies in Minnesota, New York, and 
Canada such as Parker (1982), Beck et al. (1983 a,b), Johannesson and Parker (1985), Parker 
and Andrews (1986), and Parker et al. (1988). Odgaard (1987) used a similar model to study 
the streambank erosion of the East Nishnabotna and Des Moines Rvers in Iowa. Channel 
migration has also been predicted successfully by Crosato (1989). More recently, Howard 
(1992) has coupled a channel migration model with floodplain sedimentation, obtaining 
interesting results. 
The motivation for the research reported herein is to explore the possibility of using a 
meandering river model to help in the solution of stream management problems. The main 
objective is to demonstrate the feasibility of using a mathematical model, based on river 
mechanics principles, as a tool to assess the migration characteristics of meandering streams 
in Illinois. This is done in the belief that if the right tools are available, alternative solutions 
involving channel alignment modifications could be tested, thus decreasing the need for short 
term solutions such as channel straightening. The case of the Mackinaw River, as shown in 
Figure 1.2, provides a good example of a situation in which a meandering river model could 
have been used effectively to search for the most stable sinuous channel, thus avoiding the 
detrimental effects of stream channelization. 
In Chapter 2, the flow field and bank erosion models used to simulate channel 
migration are presented, together with a sample computation for a sinusoidal channel and a 
stability analysis of the conditions for meander growth. In Chapter 3, selected streams are 
presented and the program MEANDER, developed by McDonald et al. (1992), is used to 
determine the characteristics of meandering streams in Illinois. A comparison is made 
between these characteristics and those of Minnesota streams as found by MacDonald et al. 
(1992). In Chapter 4, the channel migration model presented in Chapter 2 is applied to 
determine the migration of seven selected streams. In Chapter 5, the conclusions reached in 
the study and recommendations for further research are given. 
2. THEORETICALANALYSIS 
2.1 Introduction 
In order to estimate the future location of a meandering stream, the amount of erosion 
occurring a t  the banks for each point along the stream must be known. Bank erosion rates are 
calculated by assuming, as ikeda et al. (1981), that they hold a linear relationship with the 
near-bank flow velocity. A derivation for models describing near-bank flow as well as the 
normal bank erosion rate follows. The derivation is similar to that of Johannesson and Parker 
(19851, however in the present analysis, a perturbation of the resistance relationship is 
introduced. 
2.2 Flow field model 
The  flow in an alluvial channel having a uniform width, variable curvature, and a 
non-cohesive sediment bed is considered. A definition sketch of the meandering channel is 
shown in Figure 2.1. The flow field is described using the two-dimensional St. Venant 
depth-averaged equations in the streamwise, s*, and transverse, n*, directions and the 
depth-averaged continuity equation. The equation of continuity of the sediment is not 
included, and a linear, steady state transverse profile of the bed elevation, dependent on the 
local curvature, is assumed. The set of governing equations may be written as: 
where u * and v * are the velocity components in the streamwise and transverse directions, H* 
is the water surface elevation, t, *andtn *are the local bed shear stresses in the streamwise and 
transverse directions, Q is the water density, D* is the local flow depth, and C* is the local 
curvature of the channel centerline. The local curvature is defined as: 
ae IC * ( s ' )  = - - = -  
as* r* 
where 6 is the angle between thes* andx* directions as shown in Figure 2.1 and r* is the local 
radius of curvature of the channel centerline. 
The bed shear stress vector is expressed in terms of the friction coefficient, C/,as: 
Figure 2.1 Definition of variables and coordinate system in a meandering channel 
with C/ given by the Engelund-Hansen resistance equation for a flat bed: 
where 4* is the mean sediment diameter. 
At this point, it is necessary to introduce several assumptions. First, during the 
migration of the meandering channel, the width is taken to be constant. Also, the quasi-steady 
condition, that the adjustment of the flow to changes in bed elevation occurs much more 
quickly than the time necessary for the bed elevation to change itself, is invoked. Additionally, 
it is assumed that the meander wavelength, /2 *, and the local radius of curvature are large when 
compared with the channel half-width, B*,which may be expressed as: 
In order to obtain a solution for the flow field, a linearization of the governing equation 
is performed using a regular expansion in powers of the small parameter, E .  The flow variables 
take the form of the sum of a mean value and a perturbed value as follows: 
where * is the mean bed elevation, qo * is a reference level, and So is the mean channel slope 
measured along the channel centerline. 
At o(E*), the solution for uniform flow in a straight channel of the same width as the 
meandering channel is obtained. The resulting equations are: 
where q, is the steady flow discharge per unit width. 
At first order in E, a linear problem for the perturbation flow in a meandering channel 
is found: 
au l  - ad' 37' d t  
3/2 
d '  u' - 2 -U - T - - g z - g - + , S o - - n *  D  C t g S 0 + 5 ?  D  D u'  ( 2 . 10a )3s as * 
ad' aulU - + D - + D % = o  
as * as * an 
Equation (2.10b) may be simplified by using an order of magnitude analysis as performed by 
Smith and McLean (1 984) and integrating which leads to: 
In order to solve the set of equations, (2.10a), ( 2 . 10~ )~  and (2.11), expressions are 
needed for U,D, and 7'. Using (2.9), it may be shown that: 
and 
where U, D, and So are slowly varying functions of time and Uo, Do, and S, are the values 
corresponding to a straight channel such that S, represents the valley slope. Following 
Johannesson and Parker (1985), a relation for 17' may be taken from the analysis of 
three-dimensional flow in bends by Engelund (1974), Ikeda (1975), Ekkawa et al. (1976), 
Zimmerman and Kennedy (1978), and Odgaard (1981). The result is: 
where a is a coefficient that controls the steepness of the transverse slope of the channel bed 
and is assumed to be a constant. 
Substituting the values for U,D, and 7 ' into (2.10a), (2.10~) and (2.1 1) yields: 
( as* D acl u2 5 ~ u 2( a + 5 ) ) ]( + a q - +D D 
Equation (2.15) may be made dimensionless using Uo and B * as the scaling parameters such 
that: 
Substituting (2.12) and (2.16) into (2.15), the resulting dimensionless equation may be written: 
where P=B*/D,* and Fo denotes the Froude number of the uniform flow in an equivalent 
straight channel having the valley slope and is given by: 
Equation (2.17) is a simple partial differential equation which can be shown more clearly as: 
where 
and 
Equation (2.19) is solved to yield the streamwise perturbation velocity: 
where 
Solving (2.21) at the channel bank, n=I ,  gives the near-bank perturbation velocity, ub : 
where a1 -a4 are given by (2.22). 
2.3 Bank erosion model 
The normal bank erosion rate, c*, is defined as: 
Following the work of Ikeda et al. (1981), c, which is made dimensionless with Uo: can be 
linearly related to the perturbation velocity such that: 
S ( 2.25)1; = Eo ~ b (  )
where Eo is an erosion coefficient which depends on the sediment properties and vegetation 
of the bank as well as the hydraulic properties of the flow. This equation is based on the 
assumption that the soil particles on the bank are eroded by the force of the flow. Hasegawa 
(1989a,b), Pizzuto and Meckelnburg (1989), and Odgaard (1987) have shown that this 
assumption agrees with observations of natural meanders. 
The normal bank erosion rate may also be related to the flow depth perturbation,db (s), 
as suggested by Odgaard (1989a,b): 
The assumption behind this relation is that as the bank height decreases, the stability of the 
bank increases which was indicated by the analyses of Osman and Thorne (1988) and Thorne 
and Osman (1988). 
Howard (1992) suggested a general relationship of the form: 
whereA] and A2 are weighting factors. The value of A] is positive while A2 may be positive, 
negative, or zero. For the present analysis, (2.27) is used with A2 =O which corresponds to 
(2.25). The value of ub (s) is found using (2.23). 
Therefore, the migration of a meandering channel may be described by the normal shift 
of the centerline in the downstream direction which has been called "Hiclun mapping" by 
Johannesson and Parker (1985) due to the work of Hiclun (1974). The dimensionless 
coordinates of the point P located on the channel centerline, shown in Figure 2.2, migrate 
according to: 
dxP =  
dt 5; sin 0 
- -  dyp 
d t 
- - cos 0 
where ~p andyp are made dimensionless with B*. 
original ine 
--- new centerline I 
X 
Figure 2.2 Demonstration of the migration of point P 
2.4 Sample Computation ( See Fortran code rnigme 1. f t n  i n  the Appendix) 
An example of the process of tracking stream migration over time can be shown with 
a sine-generated curve. It is assumed that the curve represents the stream centerline, and that 
since the stream width is constant, the streambanks move in the same way as the centerline but 
at a distance, B *, to either side of it. At r=O, thex andy coordinates of the curve are given by: 
where 
8 ( s ) = 8 , c o s  ( k s )  ( 2.30 ) 
and 6, is the angle of the curve when the channel centerline crosses y=0. The dimensionless 
wave number, k, is defined as: 
As the stream migrates, x and y coordinates for the new stream locations may be 
computed using (2.28) together with (2.25): 
Thevalue of ub(s) is obtained using (2.23) and (2.22). The parameters necessary to solve these 
equations are k, 8,,ub (O), C(O), qo,P7Fo,a,X, and C(s). However, x can be computed using 
the coordinates for the current stream centerline and C(s) is found from (2.4) as: 
The value of Eois included in another parameter, FACTR: 
* 
UO
FACTR = -E O  B 
where dt*is the time step. 
Figures 2.3 and 2.4 show sample computations of the migration after 3 iterations of a 
sine-generated curve for a specific set of parameters: 13, =n/4, ub (0) =0.0, C(0)=0.0, Go=0.02, 
~ , ~ = 1 . 0 ,  a 4 . 0 .  Figure 2.3 shows the effect of P on the computations with k=2.0 anda ~ l d  
FACTR= 0.05. For both P=10 and p=30, the solutions are numerically stable. However, for 
,8=30, the meander grows in amplitude indicating that the meander is unstable whereas for 
p= 10, the meander tends to decrease its amplitude. Figure 2.4 shows the effect of k on the 
computations with p=10 and FACTR=O.l. Again, both of the plots show stable numerical 
solutions. Avalue of k= 1.0 yields a decaying meander, however the meander grows if k=0.5. 
- - - - - Initial Condition 
Migration for 3 iterations 
Figure 2.3 Migration of a sine-generated curve as a function of p for the following 
conditions: ub(0)=0.0, C(0) =0.0, Cf, =0.02, F ,~=1.0, a=6.0, 0, =3x14, k= 2.0 
- - - - - Initial Condition 
Migration for 3 iterations 
Figure 2.4 Migration of a sine-generated curve as a function of k for the following 
conditions: ub(0) =O.O, C(O)=O.O, Cf0=0.02, F ,~=1.0, a=6.0, 0,=n/4, P=10.0 
- - - - - Initial Condition 
Migration for 3,5, and 7 iterations 
Figure 2.5 Migration of a sine-generated curve as a function of FACTR for the 
following conditions: ub(0) =O.O, C(0) =O.O, Cf,=0.02, F ,~=1.0, a =6.0, 0, =n/4, 
p=20.0, k=1.0 
Figure 2.5 shows the effect of FACTR on the computations for the same conditions as Figures 
2.3 and 2.4 except P=20 and k= 1.0. For a value of FACTR of 0.05, numerical instability is 
apparent after 7 iterations. Decreasing the value of FACTR to 0.025 yields a stable numerical 
solution for 7 iterations. For both cases, the meander is unstable as bend growth occurs. 
The stability of the numerical solution depends on the value of FACTR given a 
particular discretization, As, of the meander. There must be a kind of Courant condition that 
makes the numerical solution stable, however further analysis of this condition is necessary. 
2.5 Stability Analysis for Meander Growth 
For a sine-generated curve, C(s) can be defined using (2.4) and (2.30) as: 
Using this relation and neglecting the initial transient, (2.23) may be written as: 
but the integral may be manipulated yielding: 
u b ( s ) = k 8, (A, cos k s  + 53, s i n k s )  
where 
Equations (2.35) and (2.37) can also be expressed as: 
where c-c. represents the complex conjugate. 
From (2.39), a lag between the curvature and the perturbation velocity is defined as: 
For 9 1 '0, ub (s) is positive at the point of maximum curvature which means that the near-bank 
flow velocity is larger than the mean flow velocity which causes erosion at the meander bend. 
Therefore, the bend will tend to grow and the meander is unstable. For 931>0, ub (s) is negative 
a t  the point of maximum curvature. This implies that the mean flow velocity is larger than the 
near-bank flow velocity which leads to deposition at the channel bend and a stable meander. 
Using (2.38b) with the condition that <0, a condition for bend growth can be obtained as: 
where 
A marginal meander stability diagram for a sine-generated curve can be  constructed 
using (2.41). Figure 2.6 shows two such diagrams showing k as a function of ,8, Fo2, and Cf,. 
The  parameters, x and a,were assumed to take constant values of 0.8 and 6.0, respectively. 
As shown in Figure 2.6, it is expected that a meander will grow for conditions falling to the left 
of each of the lines representing different values of Cf, and will remain stable for conditions 
to the right of them for both values of the Froude number. 
Figure 2.6 Marginal stability diagrams for a sine-generated curve for 
x=O.S, a=6.0, ~ , ~ = 0 . 5  and 1.0, and Cf,=0.005-0.050 
3. CHARACTERISTICS OF ILLINOIS MEANDERING STREAMS 
3.1 Introduction 
In order to determine the magnitude and characteristics of channel shift in Illinois, the 
MEANDER program (MacDonald et al. (1992)) was applied to several stream cases. Two 
digitized centerlines of a stream reach at different points in time are necessary to use 
MEANDER. The distance between those two centerlines is the stream shift over that period 
of time. The shift is only valid for the particular stream reach and over the particular years for 
which the shift has been calculated. A comparison of the results for Illinois streams with the 
results for Minnesota streams (MacDonald et al. (1992)) is presented. 
3.2 Stream Choice and Digitization 
Seven sites were selected to find shift values that are representative of streams in 
Illinois. The criteria for the selection of stream sites included the history of the migration of 
the stream, the availability of aerial photographs of the site, and the proximity of the site to 
a gaging station. Gaging station information was useful in calculating the flow characteristics 
of the stream. A study by Mattingly and Herricks (1991) was used in order to locate streams 
that were having erosion problems. However, many of the streams in the report were too small 
to be easily digitized from aerial photographs, so only three stream sites were chosen in this 
manner. Other sites selected include a small creek suggested by the Soil Conservation Service 
and three sites chosen for their representation of large rivers in Illinois. The chosen sites are 
shown in Figure 3.1 and their flow characteristics are presented in Table 3.1. The reach lengths 
were calculated within the MEANDER program. The width and slope for each stream were 
estimated from 7.5' USGS topographic maps and therefore, it should be noted that these 
values are only approximations. The bankfull flow discharge represents the flood peak 
discharge corresponding to the 2-year recurrence-interval flood calculated using regional 
equations given by Curtis (1 987). 
Two aerial photographs taken approximately 20 years apart were necessary for each 
stream site in order to digitize the stream centerlines. There was some difficulty in obtaining 
the aerial photographs since the centerline of the stream had to be clearly visible and the 
amount of time separating the photographs greatly affected the calculation of the stream shift. 
The number of years between each set of photographs depended on the speed of migration of 
the stream. For streams which migrated more quickly, a separation of time that was much less 
than 20 years was needed. The use of a time period which was too long for a fast migrating 
stream caused MEANDER to give erroneous results. 
N 
1 
w Stream Site 
1. Big Muddy River 
2. Leaf River 
3. Little Wabash River 
4. Maclunaw River 
5. Sangamon River 
6. Sugar Creek 
7. University Farm Creek 
Figure 3.1 Sites investigated for stream shift 
TABLE 3.1 Flow Characteristics of Selected Streams in Illinois 
Site Reach Length Width Bankfull Flow Slope 
( 4  (m) Discharge (m3/s) 
Big Muddy R. 11590 57 424 0.00026 
Leaf R. 4250 8 84 0.00198 
Little Wabash R. 20110 57 372 0.00015 
Maclunaw R. 1980 38 229 0.00047 
Sangamon R. 4460 38 153 0.00052 
Sugar Cr. 1490 19 160 0.00109 
University Farm Cr. 1240 5 15 0.00235 
The  centerline digitizing was achieved with the aid of an altek digitizer and Geographic 
Information System (GIs) Geographical Resources Analysis Support System (GRASS) 
software. With this software, it was possible to digitize the points by dragging the cursor along 
the centerline which took much less time than picking each point individually, however it is 
likely that this method introduced some error to the coordinates. The digitization resulted in 
two data sets containing x-y coordinates for the stream centerlines at each site. Also, a map 
of the area was necessary for control in digitization and for construction of a data set for the 
valley centerline of the site. A 7.5' USGS topographic map with a scale of 1:24000was used 
for all of the sites except the Leaf River for which a county map with a scale of 1:100000was 
used. The scales of the aerial photographs ranged from 1:4800to 1:24000. Although the map 
and photographs for each site were generally not of the same scales, the digitizing was done 
in Universal Transverse Mercator (UTM) coordinates which provided a uniform scale for the 
data sets. The use of UTM coordinates can not, however, alleviate any distortion in the 
photographs that may cause digitization errors. 
3.3 MEANDER results 
Once the stream and valley centerline files were constructed, the MEANDER program 
was used to  calculate the stream shift. The program begins by converting thex-y coordinates 
to s coordinates and spacing the points equally along the centerline. Then, the points are 
smoothed with a numerical filter to suppress random errors in the digitization. A piece-wise 
spline is fitted to the points in order to obtain the angular alignment of the channel centerline, 
8, and the curvature, C, for each coordinate using the equations: 
tan 8 = -dy C = -dB dx J ds 
The average normal shift rate, f , is calculated by measuring the normal distance from each 
point on the stream centerline at time one to a point on the stream centerline at time two and 
integrating each of the normal distances over the length of the stream reach. Other useful 
results of MEANDER include the average stream sinuosity, the average stream curvature, and 
the area reworked by the stream. The area reworked is defined as the area between the stream 
centerlines at times 1and 2. Table 3.2 gives these results for the streams under consideration. 
TABLE 3.2 MEANDER program results for selected Illinois streams 
Site 
Big Muddy R. 
Average 
Normal 
Shift Rate 
(mlyr) 
0.61 
Average 
Stream 
Sinuosity 
2.71 
Sinuosity 
Change 
(l/yr) 
-0.00049 
Average 
Curvature 
(llm) 
0.01220 
Area Reworked 
(sq mlvalley m/yr) 
1.65 
Leaf R. 0.86 1.42 0.01 126 0.03 192 1.22 
Little Wabash R. 0.41 2.73 0.00006 0.00682 1.11 
Macknaw R. 1.43 2.97 0.01270 0.16860 4.26 
Sangamon R. 0.92 1.37 -0.00041 0.03140 1.27 
Sugar Cr. 1.15 1.19 0.00723 0.01493 1.34 
University Farm Cr. 0.17 1.21 0.003 14 0.05787 0.21 
Relationships between the parameters describing the selected streams and the 
MEANDER results are found by a regression analysis similar to that used by MacDonald et 
al. (1992) in order to try to characterize Midwestern streams. Figures 3.2-3.13 compare the 
results of Illinois and Minnesota streams. In all of the cases, the filled points and solid lines 
represent the data for the Illinois streams and the unfilled squares and dashed lines correspond 
to -Minnesota streams. 
Figures 3.2 and 3.3 show the relationships between flow discharge and the width and 
slope of each stream. The values for Illinois streams are of the same magnitude as those found 
for Minnesota streams. The plots show that the width increases with the flow discharge, 
however an increase in flow discharge causes a decrease in slope. The regression equations 
are similar for both Illinois and Minnesota, but the results show that for Illinois streams, a 
smaller width and a larger slope are needed to carry the same amount of discharge as streams 
in Minnesota. 
Figures 3.4-3.6 display the dependences of the average normal shift rate on the width, 
the flow discharge, and the slope of the selected streams in Illinois and Minnesota. Although 
t ~ - , - ~,,, ,,;C a great deal of scatter, Figure 3.4 indicates that the average normal shift rate increases 
with an increase in the width. In that plot, the data for Illinois and Minnesota streams is of the 
Figure 3.2 Width as a function of flow discharge for selected streams in Illinois 
and Minnesota 
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Figure 3.3 Slope as a function of flow discharge for selected streams in Illinois 
and Minnesota 
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Figure 3.6 Average normal shift rate as a function of slope for selected streams in 
Illinois and Minnesota 
Figure 3.7 Area reworked as a function of width for selected streams in Illinois 
and Minnesota 
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Figure 3.8 Area reworked as a function of flow discharge for selected streams in 
Illinois and Minnesota 
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Figure 3.9 Area reworked as a function of slope for selected streams in Illinois 
and Minnesota 
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Figure 3.10 Average curvature as a function of sinuosity- 1for selected streams in 
Illinois and Minnesota 
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Figure 3.11 Average stream sinuosity as a function of the average normal shift rate 
for selected streams in Illinois and Minnesota 
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Figure 3.12 Sinuosity change as a function of flow discharge for selected streams in 
Illinois and Minnesota 
Figure 3.13 Sinuosity change as a function of sinuosity for selected streams in 
Illinois and Minnesota 
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same magnitude, but the regression from MacDonald et al. (1992) shows that for the same 
width, a higher average normal shift rate is observed for Illinois streams than Minnesota 
streams. The regression performed for Minnesota streams in Figure 3.5, which shows the 
average normal shift rate as a function of flow discharge, seems to fit the results of Illinois 
streams quite well. Also, the plot demonstrates that an increase in flow discharge results in 
an increase in the average normal shift rate. Figure 3.6 shows that there is some tendency for 
the average normal shift rate to decrease with an increase in slope, but the scatter is so large 
that no clear dependence is demonstrated. 
Figures 3.7-3.9 show the relations of the area reworked to the width, flow discharge, 
and slope of selected streams in Illinois and Minnesota. There is some indication that the area 
reworked increases with an increase in width as shown in Figure 3.7. There is a large amount 
of scatter so no regression was attempted, however the magnitudes of the Illinois and 
Minnesota results are the same. The dependence of the area reworked on flow discharge is 
shown in Figure 3.8. The results show that an increase in flow discharge causes an increase 
in area reworked, and the results from the Illinois streams agree with the regression calculated 
from the Minnesota stream results. The plot of the area reworked as a function of the slope, 
Figure 3.9, shows some scatter, but there is a tendency for the area reworked to decrease with 
an increase in stream slope. 
Figures 3.10 -3.13 demonstrate relationships concerning the sinuosity of the selected 
streams. In Figure 3.10, the average curvature is plotted as a function of the deviation in 
sinuosity from a straight channel which has a sinuosity of 1. From this plot, it appears that there 
is no relationship, however the results for Illinois and Minnesota streams have the same 
magnitudes. Figure 3.1 1shows that the average normal shift rate has no effect on the average 
stream sinuosity for streams in Illinois and Minnesota. The change in sinuosity over the period 
of time analyzed for each stream is plotted as a function of the flow discharge in Figure 3.12. 
Negative changes in sinuosity are not included in the plot. There is some tendency for the 
change in sinuosity to decrease with an increase in flow discharge and this tendency is more 
apparent for the Illinois streams analyzed than for the Minnesota streams, however no 
regression analysis was performed due to the large amount of scatter. Figure 3.13 shows that 
there is no apparent relationship between the change in sinuosity and the average stream 
sinuosity for the selected streams in Illinois and Minnesota. Again, the negative changes in 
sinuosity are not included. 
All of the plots show that Illinois and Minnesota streams have similar flow and 
migration characteristics. The regression relationships obtained for Minnesota streams seem 
to be applicable to Illinois streams if only as a first approximation. Therefore, it is reasonable 
to expect that the methods of analysis and assumptions used by Johannesson and Parker (1985) 
to describe Minnesota streams may also be used in a study of Illinois streams as discussed in 
Chapter 4. 
4. APPLICATION OF THE CHANNEL MIGRATION MODEL 
4.1 Introduction 
The model developed in Chapter 2 for the prediction of the future location of 
meandering streams is applied to the Illinois streams analyzed in Chapter 3. The digitized 
coordinates of each stream at time 1, described in Chapter 3, were used as the initial stream 
location input for the migration model. In addition, other input parameters described below 
were used to find the location of the stream centerline at time 2 for each stream case. The 
computed stream centerlines are compared with the digitized coordinates from the second 
aerial photograph for each stream. 
4.2 Model Input Parameters (See Fortran code migme2. f tn in the Appendix) 
In addition to the initial location of the meandering stream, certain input parameters 
characteristic of the particular stream are also required by the model. These are: 
1. Initial perturbation velocity, ub(0) 
2. Initial curvature, C(0) 
3. Mean sediment diameter, d, * 
4. Mean flow depth of the equivalent straight channel, Do * 
5.  Resistance coefficient of the equivalent straight channel, Cfo 
6. Half-width to depth ratio, P 
7. Square of the Froude number of the equivalent straight channel, F,? 
8. Transverse bed slope parameter, a 
9. Calibration parameter, FACTR 
10. Number of time steps, NT 
These values of the varying parameters for all of the streams analyzed are shown in Table 4.1. 
The initial perturbation velocity and initial curvature are the values of ub and C at the 
first channel point, s=O. The value of these parameters could not be calculated because the 
velocity distribution and curvature at the upstream end of the reach were not known. A value 
of 0.0 was assumed to be a reasonable estimate in both cases since the influence of these 
parameters decays exponentially in the downstream direction. In the case of the Sangamon 
River, a value of ub(0)= -0.2 was used, and in the case of Sugar Creek, a value of C(O)=0.2 
was used. These values were chosen by trial and error to obtain a solution which gave the best 
fit to the upstream end of the actual channel centerline at time 2. 
Using equations (2.9), the mean flow depth may be synthesized as long as Q *, B*,S,, 
and L& *are known. The values of the bankfull flow discharge and channel half-width for each 
stream were discussed in Chapter 3 and may be found in Table 3.1. Since the sinuosity is 
defined as the ratio of the valley slope to the channel bed slope, the valley slope may be found 
using the values of the channel bed slope and sinuosity for each stream as shown in Tables 3.1 
and 3.2, respectively. Specificvalues for the mean sediment diameter were not known for the 
streams analyzed, however from descriptions in Hite et al. (1989), Hite et al. (1992), and 
Mattingly and Herricks (1991), a value of 1.0 mm was assumed. In any case, the value of the 
mean flow depth was not greatly affected by a variation in ci, *. 
Using the known values above, the dimensionless resistance coefficient, Cfo, and F , ~  
can be obtained using equations (2.9) and (2.18). respectively. The value of P may be 
calculated as BIDo *. 
The values of the transverse bed parameter reported in previous studies such as 
l k k awa  et  al. (1976), Zimmerman and Kennedy (1978), Engelund (1974), and Odgaard 
(1981) ranged from approximately 3- 10. Following the arguments of Johannesson and Parker 
(1985), a value of a=6.0 was assumed to be appropriate. However, other values of a were 
tested and it was found that the solutions were not very sensitive to the particular value of a 
selected. 
The calibration parameter, FACTR, takes into account the effects of the erosion 
coefficient and the time step. The term is expressed as: 
* 
UO E O 
FACTR = -B ( 4-1 
where At* is the time step. The value of FACTR and NT were not known but were found by 
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stream coordinates were as closely matched as possible to the actual stream coordinates 
digitized from the second aerial photograph for each stream. To minimize computation time, 
it was necessary to make FACTR as large as possible and NT as small as possible which was 
difficult for some streams as FACTR is intimately related to the numerical stability of the 
solution as shown in Chapter 2. 
4.3 Case Studies 
The following is a description of the rivers selected for testing the migration model. The 
background information about the investigated streams was obtained from Mattingly and 
Herricks (1991); Hite et al. (1991), and Hite et al. (1993). Also, the results of the migration 
model are compared with the digitized stream centerlines. 
4.3.1 Big Muddy River 
Big Muddy Rver  is a seventh-order stream located in southwestern Illinois. Its 
headwaters are located in north Jefferson county from which it flows south and west to the 
Mississippi River. The bottom sediment is composed of silt and some sand. The watershed 
consists of a mixture of cropland, woodland, pasture, and urban areas. 
A reach of the river in Jackson county, Sections 27,34, and 35, T9S7 R3W, was selected 
for application of the migration model. The reach length is 3.5 krn and the width at bankfull 
flow is 57 m. The channel banks along the reach are forested, and a gaging station is located 
at Murphysboro which is approximately 10 km upstream of the selected reach. 
Figure 4.1 shows the centerlines of the analyzed river reach digitized at 1965 and 1988 
and computed by the migration model. Although the river has not migrated a great deal 
between 1965 and 1988, the centerline at 1988 and the computed centerline show strong 
agreement. The bends show a tendency to move in a downstream direction over time which 
is captured by the model calculation. 
4.3.2 Leaf River 
Leaf Rver  is a fifth-order stream located in northern Illinois. The stream flows east 
from its origin at Forreston to its confluence with the Rock Rver. The river bed consists of 
primarily gravel and silt while the watershed is used mostly as cropland and pasture. 
The migration model was tested on a reach of the river located in Ogle county, Section 
34, T25N, R9E. The reach length is approximately 1.5 km and the bankfull width is 8 m. The 
channel banks are mostly grassy with few trees. Lateral migration may be restricted by the 
Chicago, Milwaukee, St. Paul, and Pacific railroad to the south of the chosen reach. The river 
is gaged approximately 2 krn downstream of the reach at the Village of Leaf Rver.  
Figure4.2 shoxT.sthe centerlines of the analyzed river reach digitized at 1951and 1958 
and computed by the migration model. The actual stream centerline shows movement in the 
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Figure 4.2 Digitized centerlines of the Leaf River for 1951 and 1958with 
the model computation 
opposite direction to the computation. The model tends to lessen the sinuosity of the stream 
whereas the actual stream shows an increase in sinuosity. Also, the model shows movement 
in the downstream direction, however the actual stream shows an increase in bend amplitude 
with little downstream movement. 
4.3.3 Little Wabash River 
Little Wabash River is a seventh-order stream located in southeastern Illinois. Its 
headwaters are located in southwestern Coles county from which it flows south and east to the 
Wabash Rwer near New Haven. The sediment bed is mostly sand. Cropland is the dominant 
land use type although there are some woodland and urban areas. 
The  reach selected for testing of the migration model is located in White county, 
Sections 13  and 24, T6S, R9E and Secti0.n 19, T6S, RlOE. The reach length is 2.8 km, and the 
width is about 57 m. The vegetation along the channel banks consists mostly of forest with 
some grassy areas. The river is gaged at Carmi which is about 10 km upstream of the chosen 
reach. 
Figure 4.3 shows the centerlines of the analyzed river reach digitized at 1971 and 1992 
and computed by the migration model. The river does not migrate a large amount over the 
time period but there is some increase in the bend amplitude for the first bend and some 
movement downstream around the second bend. The model agrees well with the digitized 
points for 1992 at the second bend where the river shows downstream migration, however the 
model does not predict an increase in bend amplitude for the first bend. 
4.3.4 Mackinaw River 
Machnaw River is a sixth-order stream located in central Illinois. The stream 
originates in Ford county near Sibley and meanders west through McLean and Tazewell 
counties to  the Illinois River near Pekin. Sand is the predominant bottom sediment but gravel 
and silt are also present. Most of the watershed is used for agricultural purposes. 
The migration model was tested on a very active reach located in Tazewell county, 
Section 17, T23N, R5W. The reach length is about 2 km and the width is approximately 38 m. 
The stream banks are vegetated with a mixture of grass and forest. A gaging station is located 
1 km upstream of the selected reach near Green Valley. 
Figure 4.4 shows the centerlines of the analyzed river reach digitized at 1979 and 1988 
2iid coiiiputed t;jr the migration model. The stream shwas a great deal of movement especially 
in the increase of the bend amplitude. There is also some downstream migration of the bends. 
The model does well in predicting the downstream movement of the first small bend along the 
river but does not show the substantial increase in the amplitude of the larger bends 
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Figure 4.4 Digitized centerlines of the Maclunaw River for 1979 and 1988 
with the model computation 
4.3.5 Sangamon River 
Sangamon River is a eighth-order stream located in central Illinois. The origin of the 
river is located in McLean county near Bloomington from where it flows west to the Illinois 
River in Cass county. The river bottom sediment is composed of mainly sand and some silt. 
A majority of the surrounding land is cropland but pasture, woodland, and urban areas are also 
present. 
The  location of the selected reach used as input for the migration model is Piatt county, 
Sections 12, 13, and 14, TlSN, R5E. The length of the tested reach is 2.4 krn and the width 
at bankfull flow is 38 m. The channel banks are forested, and the river is gaged at Monticello 
which is approximately 200 m upstream of the selected reach. 
Figure 4.5 shows the centerlines of the analyzed river reach digitized at 1973 and 1988 
and computed by the migration model. The river migrates a small amount mostly in the 
downstream direction. The model does well in predicting the location of the centerline in 1988 
and is able to demonstrate the downstream river migration. 
4.3.6 Sugar Creek 
Sugar Creek is a sixth-order stream located in central Illinois. The stream flows 
southwest from Bloomington through Logan county to Mason countywhere it empties into the 
Salt Creek. The sediment bed is mostly gravel, and the dominant land use is cropland. 
The reach used to test the migration model is located in Logan county, Section 5, T20N7 
R3W. The  reach length is 1.5 km and the bankfull width is 19 m. Bankside vegetation includes 
a mixture of grass and forest. The stream is gaged approximately 2 km downstream of the 
chosen reach near Hartsburg. 
Figure 4.6 shows the centerlines of the analyzed stream reach digitized at 1957 and 1963 
and computed by the migration model. The actual stream migrated such that its sinuosity 
increased due to the increases in the amplitude of the bends. The migration model predicts 
a decrease in sinuosity as it tends to show a decrease in bend amplitude over time. 
4.3.7 University Farm Creek 
University Farm Creek is a second-order stream located in central Illinois. It originates 
in Champaign county southeast of Urbana and flows east to its confluence with the Salt Fork. 
The surrounding land is cropland. 
The migration model was tested on a reach of the stream located in Champaign county, 
Section 7, T18N, RlOE. The reach length is 0.5 km and the bankfull width is about 5 m. The 
stream banks are mostly grassy. There is no gaging station in the area. 
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Figure 4.7 Digitized centerlines of the University Farm Creek for 1972and 
1988with the model computation 
Figure 4.7 shows the centerlines of the analyzed stream reach digitized at 1972and 1988 
and computed by the migration model. The actual stream shows considerable downstream 
migration which is slightly over-estimated by the model. However, the agreement is 
reasonable. 
4.4 Discussion 
In general, the cases above show that the migration model seems to do quite well in 
predicting downstream migration of meandering streams, however its ability to predict the 
outward growth of bends is limited. This can most likely be improved by improving the bank 
erosion model. Firstly, the bank erosion model assumes a constant value for the bank erosion 
coefficient for the whole length of the stream reach. In actuality, the bank erosion coefficient 
may vary significantly along a stream reach due to variations in the bank elevation, soil 
composition, and particularly, bankside vegetation. A method is necessary to take into 
account these variations. 
There are two ways to calculate the constant bank erosion coefficient from the material 
presented in this study. A theoretical value of Eo can be back-calculated using (2.25) in 
conjunction with the average normal shift rate shown in Chapter 3 and the reach-averaged 
perturbation velocity calculated with the model. A calibrated value of Eo used in the model 
to calculate the new stream location is obtained using (4.1). Both values of Eo for each stream 
analyzed are shown in Table 4.2. The values are all on the order of which are similar to 
the values found for Minnesota streams (Johannesson and Parker, 1985). 
TABLE 4.2 Bank Erosion Coefficients 
Site E, ( x lo-7 ) E, ( x lo-7 ) 
[ equation (2.25) ] [ equation (4.1) ] 
Big Muddy R. 0.80 1.87 
Leaf R. 0.71 1.48 
Little Wabash R. 0.96 3.32 
Maclunaw R. 1.12 2.24 
Sangamon R. 1.19 0.91 
Sugar Cr. 1.14 0.98 
University Farm Cr. 0.24 0.12 
The bank erosion model itself may also be improved by including the effects of the flow 
depth on bank stability. This may be done by using (2.27) with a non-zero value ofA2. More 
research is necessary to determine the sign and magnitude ofA2. 
It is important to mention that there are bank failure mechanisms such as piping and 
sapping which can play an important role on streambank erosion (Hagerty, 1991a,b). Such 
processes can not be accounted for by the bank erosion model used herein. The differences 
in the values of the bank erosion coefficients estimated with different methods, as shown in 
Table 4.2, might in a way reflect that for certain streams, the geomechanics of the banks is as 
important as the hydraulic characteristics of the meandering channel. 
5. CONCLUSIONS 

The research reported herein has been conducted to show that stream models can be 
used as tools to analyze the characteristics and behavior of meandering streams. To 
characterize meandering streams in Illinois, the MEANDER program (MacDonald et al., 
1992) was used. Also, a channel migration model, similar to that of Johannesson and Parker 
(1985), was developed and used to predict the behavior of meandering streams. 
The development of a channel migration model has been presented, together with 
sample computations corresponding to the application of the model to the migration of a 
sine-generated curve. A stability analysis for meander bend growth was performed for the case 
of a sine-generated curve. The marginal meander stability diagrams constructed provide the 
conditions for which meander growth can be expected. Numerical instability of the model 
solutions were found in some cases, which could be controlled by adjusting the temporal 
discretization used in the computation. However, a more detailed analysis is needed to 
optimize the selection of parameters of the model to insure numerical stability. 
The MEANDER program was applied to seven stream reaches in Illinois. Stream 
characteristics such as the average normal shift rate, the average stream sinuosity, the average 
curvature, and the area reworked were obtained. Relationships between hydraulic 
parameters and stream characteristics for each Illinois stream were found to give results of 
about the same magnitude and behavior as those of MacDonald et al. (1992) for Minnesota 
streams. The results indicate that the average normal shift rate is larger for larger stream 
widths and discharges, and that the change in sinuosity over the period of time analyzed for 
each stream tends to decrease with an increase in flow discharge. 
Migration of the seven stream reaches in Illinois was predicted using the channel 
migration model. The model demonstrated the ability to simulate downstream migration of 
meander bends, however it had difficulty in predicting outward bend growth. This bend growth 
may be due to variability in the properties governing erosion along the stream banks. The 
migration model uses a constant value of the erosion coefficient which can not account for 
these variabilities. 
The results obtained with the migration model for meandering streams suggest that 
such model can provide a useful tool to conduct more sound stream engineering without 
dramatically affecting the equilibrium, and possibly damaging the habitat, of a given stream. 
More research is necessary to improve the bank erosion model. Theoretical, laboratory, and 
field studies are needed to gain more insight about the mechanics of streambank erosion. Such 
knowledge can eventually be incorporated into meaningful relationships for computing rates 
of bank erosion for a wide range of bank material characteristics and stream flow conditions. 
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migmel-ftn: 

Computes the migration of a sine generated curve. An example of the 
data file required for this program is in migmel-dat 

migme2. f tn : 
Computes the migration of a natural meandering channel. An example of 
the data file required for this program is in sang73.dat 
Some definitions of the input data: 

UBO: Perturbation velocity at the initial point of the channel reach 

considered. This must be estimated so a good agreement with measured 

migration is obtained. Anyway this parameter only affects a short 

initial reach of the meandering channel. The effect of this inital 

condition decrease exponentially in the downstream direction. 

CO: Curvature at the initial point of the channel reach considered. 

Must be estimated, the program cannot compute its value from the 

coordinate data. 

CFO: Friction coefficient for the reach, can be estimated as 

explained in the report. 

BE: Half the channel width to depth ratio. 

F02: Square of the Froude number of the flow in the reach. 

ALF: Coefficient that controls the inclination of the transverse 
slope of the channel. A value = 6 usually works OK. The results are 
not so sensitive to this parameter. 
FACTR: Parameter that is proportional to the rate of erosion. It also 

involves implicitly the time interval used in the computation. 

NS: Number of points used to discretize the channel centerline. 

NT: Number of iterations in the conputation. 

Some recommendations: 

Play with FACTR in order to fit the measured migration. Large values 

of FACTR tends to make the solution unstable. Decreasing FACTR makes 

the numerical solution stable, but this requires to increase NT in 

order to advance the computation to fit the desired migration. 

After the best fit has been obtained, since the actual elapsed time 

is known (between the initial and final known planforms of the 

channel) then from FACTR and NT, the erosion coefficient can be 

computed. 

C 
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PROGRAM MIGME1 : COMPUTES MIGRATION OF A MEANDERING CHANNEL 
USING LINEAR THEORY OF JOHANNESSON & PARKER 

CONSIDERS dn/dt=EO ub 

SINE GENERATED CURVE 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

REAL XPAST(500) ,YPAST(500) ,XPRES (500) ,YPRES (500) ,DSS (500) 
REAL DX(500) ,DY(500) ,DDX(500) ,DDY (500) ,C (500) ,SS (500) 
REAL UB (500) ,THETA(500) ,THETA0 (500) 
REAL F0 2,FACTR 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Initial data 

READ(5,*) UB0,C0,CF0,BE,F02,ALFIFACTR,NSrNT 
CALL INITCO (XPAST, YPAST, XPFCES ,YPRES,XI,NS,KI THO ) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Time iterator 

WRITE ( 6,* ) ITERATION NO : ' ,J 
Constants 

A1 = UBO + XI*CO 
A2 = 2. *CFOkBE*XI 
A3 = -XI 
A4 = CFO*BE* (XIk*5*F02+ (ALF+l. ) ;'XI**2+5. *SQRT(CFO) *XI**2* 
> (ALF+XIk*3*F02)) 
Computation of intervals along channel centerline 

DO I = 2 ,NS+l 
DSS (I) = SQRT ( (XPRES (I) -XPRES (1-1) ) **2+ 
> (YPRES(1)-YPRES(1-1)**2) 
ENDDO 
Computation of curvature 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
DO I=2,NS 

DX(1) = (XPRES (I+l) -XPRES (1-1) ) / (DSS (I) +DSS (I+l) )
DY (I) = (YPRES (I+l) -YPRES(I-1) ) / (DSS (I)+DSS (I+l) )
DDX(1) = (XPRES(I+l)+XPRES (1-1) -2. *XPRES (I) ) / 
(0.5* (DSS (I) +DSS (I+l) ) ) **2 
DDY (I) = (YPRES (I+l) +YPRES (1-1) -2. *YPRES (I) ) / 
(0.5* (DSS(I)+DSS(I+l) ))**2 
C ( 1 )  = DX(I)*DDY(I) - DY(I)*DDX(I) 
ENDDO 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Cmulative distance along channel centerline 

DO I=l,NS+l 

SS(I)=o. 

DO KK=l, I 

SS(I)= SS(1) + DSS(KK) 

ENDDO 

ENDDO 

---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
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Computation of angle and perturbation velocity 

CALL COMTHETA (SS ,C,NS, THO ,THETA) 

CALL COMUB (SS, C1A1,A2,A3,A4,NSIUB) 

computation of new coordinates of channel centerline 

DO I=2,NS 
XPRES(1) = XPAST(1) + FACTR*UB(I)*SIN(THETA(I)) 
YPRES(1) = YPAST(1) - FACTR*UB(I)*COS(THETA(I)) 
ENDDO 

Extrapolation of coordinates of downstream end 

XPRES (NS+l) = XPRES (NS) + (XPRES (NS) -XPRES (NS-1) ) / 
DSS (NS) *DSS (N+l) 
YPRES (NS+l) = YPRES (NS) + (YPRES (NS) -YPRES (NS-1) ) / 
DSS (NS) *DSS (N+l) 
______--------_-_-----------------------------------------
Actualization of channel centerline coordinates 

______--------_-_-_---------------------------------------
DO I=l,NS+l 

XPAST(1) = XPRES(1) 

YPAST(1) = YPRES(1) 

ENDDO 

______-_------____----------------------------------------
Print results 

________------__------------------------------------------
DO I=l,NS+l 

WRITE(6,lO) XPRES(1) ,YPRES(I) 

FORMAT (3X, 2F10.3) 

ENDDO 

______-_-______--__--------------------------------------
Computation of XI 

_______-_--_--_--__--------------------------------------
XI = ((XPRES(NS+l)-XPRES(l))/SS(NS+1))**(1./3.) 
write (6, * )  'xi=', xi 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

New time step 

______-_------_--_----------------------------------------
ENDDO 

* * * * * * * * * * * * k * * * t * * * * * * * J c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
STOP 

END 

SUBROUTINE INITCO(XPAST,YPAST,XPRES,YPRES,XI,NS,K,THO) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Computes initial coordinates of channel centerline 

_-____-_-__-_-__-_----------------------------------------
REAL XPAST(500) ,YPAST(500) ,XPRES (500) ,YPRES (500) 

REAL THETA0 (500), S(500) ,AUXl(500) ,AUX2 (500) 

REAL K 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Read data for initial channel 

---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
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READ(5,* )  THO,K,DS 
Cummulative distance along channel centerline 

.......................................................... 

DO I=l,NS+l 

S (I) = (1-1)*DS 

ENDDO 

.......................................................... 

Initial angle 

DO I=l,NS+l 
THETAO (I) = THO*COS (K*S  (I)) 
ENDDO 
.......................................................... 

Initial coordinates 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

DO I=l,NS+l 
AUX1 (I) = COS (THETAO (I) ) 
AUX2(I) = SIN(THETAO(1)) 
ENDDO 

DO I=l,NS+l 

.......................................................... 

Call integration subroutine 

.......................................................... 
CALL INTEGRATE ( I, S ,AUX1, RESINT) 
.......................................................... 
XPAST ( I) = RESINT 
Call integration subroutine 

.......................................................... 

CALL INTEGRATE (I, Sf AUX2, RESINT) 

YPAST (I) = RESINT 
ENDDO 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Initial definition for current coordinates 

DO I=l,NS+l 
XPRES(1) = XPAST(1) 
YPRES (I) = YPAST(1) 
ENDDO 

.......................................................... 

Print results 

_____-__----_---------------------------------------------
DO I=l,NS+l 

WRITE(6,lO) XPRES(I),YPRES(I) 

FORMAT(3X1 2F10.3) 

ENDDO 

________--__---------------------------------------------
computation of XI 

_______---_----------------------------------------------
XI = ((XPRES(NS+~)-XPRES(l))/S(NS+l))**(1./3.) 
write(6,*) 'xi=', xi 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RETURN 

---------------------------------------------------------- 
--------------------------------------------------------- 
---------------------------------------------------------- 
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END 

SUBROUTINE COMTHETA (SS,C,NS,THO, THETA) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Computes angle of channel centerline 

.......................................................... 

REAL C (500), SS (500), THETA(500) 

*****************************************-k**************** 

_----------------------------------------------------------
Call integration subroutine 

CALL INTEGRATE(I,SS,C,RESINT) 

.......................................................... 
THETA (I) = THO + RESINT 
ENDDO 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RETURN 

END 

SUBROUTINE COMUB (SS ,C,A1, A2, A3, A4, NS ,UB) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Computes perturbation velocity 

REAL C (500), SS (500) ,UB (500) ,AUXl(500) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

DO I=2,NS 
AUXl (I) = C (I) *EXP (A2*SS (I) )
Call integration subroutine 

......................................................... 

CALL INTEGRATE (I, SS, AUX1, RESINT) 

UB(1) = Al*EXP(-A2*SS(I)) + A3*C(I) + 
A4*EXP (-A2*SS (I)) *RESINT 
ENDDO 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RETURN 

END 

SUBROUTINE INTEGRATE (N,S,VAR, RESINT) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Performs numerical integration by trapezoidal quadrature 

REAL S(500) ,VAR(500) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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DO J=2,N 
RESINT = RESINT + 0.5* (VAR(J)+VAR(J-1)  * (S(J)-S(J-1)) 
ENDDO 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RETURN 

END 

Oct 03 10:16 1996 Page 1 Data file: migmel.dat 
---------------------------------------------------------- 
----------------------------------------------------------- 
----------------------------------------------------------- 
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PROGRAM MIGME2 : COMPUTES MIGRATION OF A MEANDERING CHANNEL 
USING LINEAR THEORY OF JOHANNESSON & PARKER 
CONSIDERS dn/dt=EO ub 
(difference with migmel: considers natural river instead of 
sine generated curve) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

REAL XPAST(500) ,YPAST(500) ,XPF.ES (500) ,YPRES(500) ,DSS (500) 

REAL DX(500) ,DY (500) ,DDX(500) ,DDY (500) ,C (500)' SS (500) 

REAL UB(500) ,THETA(500) ,THETAO(500) 

REAL F02,FACTR 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Initial data 

READ(5,* )  UBO,CO1CFO,BE,F02,ALF,FACTR,NS,NT 

CALL INITCO (XPAST, YPAST, XPRES, YPRES, NS, THO) 

UB(1) = UBO 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Time iterator 

DO J=l,NT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

WRITE(6,*) 'ITERATION NO: ',J 

computation of intervals along channel centerline 

........................................................... 

DO 1=2,NS+l 
DSS (I) = SQRT ( (XPRES(Ij -XPRES(I-1)) *"2+ 
(YPRES (I) -YPRES (1-1) ) * * 2 )  
ENDDO 
_______----_--__-------------------------------------------
computation of curvature 

____-___---------------------------------------------------
DO I=2,NS 

DX(1) = (XPRES (I+l) -XPRES (1-1) ) / (DSS (I) +DSS (I+l) )
DY (I) = (YPRES (I+l) -YPRES (1-1) ) / (DSS (I) +DSS(I+l)) 
DDX(1) = (XPRES(I+l)+XPRES(I-1)-2.*XPRES(I))/ 
(0.5* (DSS(I)+DSS(I+l) ) )  **2 
DDY(I)= (YPRES (I+1) +YPRES (1-1) -2. *YPRES (I) ) / 
(0.5* (DSS(I)+DSS(I+l) )  **2 
C(I)= DX(1) *DDY (I) - DY (I) *DDX(I) 
ENDDO 
_______--___--_--------------------------------------------
~ummulative distance along channel centerline 

________-____-__-------------------------------------------
DO I=l,NS+l 

SS(I)=O. 

DO KK=l, I 

SS(I)= SS(1) + DSS(KK) 

ENDDO 

ENDDO 

_ _ _ _  _______________--------------------------------------
computation of XI 

___----_---------------------------------------------
XI = (SQRT((XPRES(NS+l)-XPRES(1))**2+(YPRES(NS+l)-YPRES(l))**2 
> ) /SS (NS+l) ) * *  (1./ 3 .  ) 
write (6, * )  'xi=',xi 
---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
------------------------------------------------------ - 
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C .......................................................... 

C Constants 

C ----------------------------------------------------------
A1 = UBO + XI*CO 
A2 = 2.*CFO*BEkXI 
A3 = -XI 
A4 = CFO*BE* (XI**5*F02+ (ALF+l. ) *XI**2+5.*SQRT(CFO) *XI**2* 
(ALF+XI**3*F02)) 
.......................................................... 

Computation of angle and perturbation velocity 

CALL COMTHETA(SS,C,NSfTHOf 
THETA) 

CALL COMUB(SSfC~A1fA2fA3rA4fNSrUB) 

Computation of new coordinates of channel centerline 

DO I=2,NS 
XPRES (I) = XPAST (I ) + FACTR*UB (I ) *SIN (THETA (I) )
YPRES (I) = YPAST (I) - FACTR*UB (I) *COS (THETA(1) )
ENDDO 

~xtrapolation of coordinates of downstream end 

XPRES (NS+l) = XPRES (NS) + (XPRES (NS) -XPRES (NS-1) ) / 

> DSS (NS) *DSS (Ntl) 

YPRES (NS+l) = YPRES (NS) + (YPRES (NS) -YPRES (NS-1) ) / 

> DSS (NS) *DSS (N+l) 

.......................................................... 

~ctualization of channel centerline coordinates 

DO I=l,NS+l 

XPAST(1) = XPRES(1) 

YPAST(1) = YPRES(1) 

ENDDO 

--__-_--------_-------------------------------------------
Print results 

______--____--_____---------------------------------------
DO I=l,NS+l 

WRITE(6,lO) XPRES (I) ,YPRES (I) 

FORMAT (3Xr 2F10 -3) 

ENDDO 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

New time step 

--___-----_-----------------------------------------------
ENDDO 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

STOP 

END 

SUBROUTINE INITCO (XPAST, YPAST, XPRES ,YPRES, NS ,THO ) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Computes initial coordinates of channel centerline 

-----_--_-------------------------------------------------
REAL XPAST(500) ,YPAST(500) ,XPRES (500) ,YPRES (500) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

---------------------------------------------------------- 
---------------------------------------------------------- 
---------------------------------------------------------- 
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Read data for initial channel 

DO 1=1 ,NS+l 
READ (5,* )  XPAST(I),YPAST (I) 
ENDDO 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Initial definition for current coordinates 

DO I=l,NS+l 

XPRES(1) = XPAST(1) 

YPRES(1) = YPAST(1) 

ENDDO 

Print results 

DO I=l,NS+l 

WRITE(6,lO) XPRES(1) ,YPRES(I) 

FORMAT(3X, 2F10 -3) 

ENDDO 

Computation of initial angle THO 

_______-__--_-_------_-----------------------------------
THO = ATAN ( (YPRES(2)-YPRES(1)) / (XPRES(2) -XPRES (1) ) ) 
write(6,* )  tho 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RETURN 

END 

SUBROUTINE COMTHETA(SS,C,NS,THO,THETA) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Computes angle of channel centerline 

____-___------_-------------------------------------------
REAL C (500),SS (500) ,THETA(500) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

DO I=2,NS 

___---------__---_----------------------------------------
Call integration subroutine 

___---___-----_-------------------------------------------
CALL INTEGRATE(I,SS,C,RESINT) 

____-____---__--------------------------------------------
THETA (I) = THO + RESINT 
ENDDO 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RETURN 

END 

SUBROUTINE COMUB(SSfC,A1,A2,A3,A4,NS,UB) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Computes perturbation velocity 

___--_--_--------_---------------------------------------
REAL C (500),SS (500) ,UB (500),AUXl(500) 
--------------------------------------------------------- 
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DO 1=2 ,NS 

AUX1 (I) = C(I)*EXP(A2*SS (I) ) 

C ......................................................... 
C Call integration subroutine 
CALL INTEGRATE (I, SS ,AUX1, RESINT) 
......................................................... 
UB(1) = Al*EXP(-A2*SS(I)) + A3*C(I) + 
> A4*EXP (-A2*SS (I) ) "RESINT 
ENDDO 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Computes average value of I U B ~ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
UBAV= 0 . 
DO I=2,NS 
UBAV=UBAV+ABS(UB (I) ) 
ENDDO 
UBAV=UBAV/ REAL (NS -1) 
WRITE(6,lO) UBAV 
FORMAT(2X, 'UB AVERAGE=',F10.3) 
UBAV=O. 
DO I=l,NS-1 
UBAV=UBAV+(ABS(UB(I) )+ABS(UB(I+l) ) ) / 2 . *  (SS(I+l)-SS(1)) 
ENDDO 
UBAV=UBAV/ SS (NS )
WRITE(6,20) UBAV 
FORMAT(2X,'UB MEAN=',F10.3) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RETURN 

END 

SUBROUTINE INTEGRATE (N, S, VAR, RESINT) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Performs numerical integration by trapezoidal quadrature 

REAL S(500) ,VAR(500) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
RESINT=O. 
DO J=2, N 
RESINT = RESINT + O.5* (VAR(J)+VAR(J-1) *(S(J)-S(J-1)) 
ENDDO 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RETURN 

END 
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